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Interleukin-6d bone marrow transplanted mice and revealed the role of bone marrow derived
cells in liver regeneration after partial hepatectomy (PH). Irradiated wild type (WT) mice received a bone
marrow transplant from either WT, TNF (tumor necrosis factor)-α knockout (KO), or interleukin (IL)-6 KO
donors. Both TNF-α KO- and IL-6 KO-transplanted mice compared with WT-transplanted mice showed
decreased hepatocyte DNA synthesis after PH. TNF-α KO-transplanted mice showed no nuclear factor kappa
B (NF-κB) and signal transducer and activator of transcription (STAT) 3 binding after PH, while IL-6 KO-
transplanted mice showed NF-κB, but not STAT3, binding. Lack of AP-1 or C/EBP binding or expression of c-jun
or c-myc mRNA after PHwas unrelated to the timing and amount of DNA replication. In conclusion, The TNF-α
and IL-6 signals from the blood are necessary for liver regeneration and NF-κB and STAT3 binding are activated
via TNF-α and IL-6 signal pathways.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionPartial hepatectomy (PH), involving the removal of approximately
70% of the liver, is widely used in studies of liver growth in expe-
rimental animals, and segmental or lobar resection is performed in
humans to remove tumors and for transplantation. The understanding
of the events that trigger liver regeneration has been pursued for
almost a century and has been greatly helped by the description of a
reproducible technique for 70% PH in rats by Higgins and Anderson in
1931 [1]. The initiation of liver regeneration has been analyzed by
physiological, biochemical, morphological, and molecular approaches.
Numerous genes are either newly expressed or show increased
expression after PH [2] and the very early events of gene activation
occur within 4 h after PH [3]; however, the exact mechanism has not
yet been deﬁned.
Liver regeneration is a multistep process with at least 2 critical
steps, the entry of the formerly quiescent hepatocyte into the cell cycle
(priming) and progression beyond the restriction point in the G1
phase of the cycle. We propose that these two steps are regulated
separately, priming being regulated by tumor necrosis factor (TNF)-αmarrow transplantation; TNF,
ophoretic mobility shift assay;
d activator of transcription 3;
protein
81 58 230 6431.
l rights reserved.and interleukin (IL)-6 family cytokines and cell cycle progression by
the growth factors, hepatocyte growth factor (HGF) and transforming
growth factor (TGF)-α.
In the absence of nuclear factor kappa B (NF-κB) activity during
embryonic development, as a result of either the inactivation of one of
its components or the lack of release of IκB inhibitor which prevents
the migration of the active NF-κB heterodimer to the nucleus, TNF-α
acts as an apoptotic agent. Inhibition of NF-κB activation in the
regenerating liver by expression of a NF-κB suppressor in an adeno-
virus vector leads to apoptosis after the cells have replicated their DNA
[4–6]. The transcription factor, signal transducer and activator of
transcription (STAT) 3, is also activated after PH, but at a slower rate
than NF-κB, and the mechanism of activation is entirely different from
that for NF-κB. Activation of STAT3 is detectable in the liver 1 to 2 h
after PH and lasts for 4 to 6 h, as determined by gel shift assays [7].
STAT3 is activated mainly by IL-6 type cytokines, a family of proteins
that includes oncostatin M, leukemia inhibitory factor, ciliary
neurotrophic factor, interleukin-11, and cardiotrophin, all of which
bind to a common gpl30 receptor subunit for signal transduction.
Binding of IL-6 causes dimerization of the receptor and the activation
of intracellular tyrosine kinases (JAKS) which phosphorylate gpl30
and create docking sites for STAT3 binding. STAT3 is then phosphory-
lated and translocated to the nucleus, where it regulates the
expression of a large number of genes, including those involved in
inﬂammation, the acute phase response, and proliferation [8,9].
Lack of signaling through tumor necrosis factor receptor type 1
(TNFR-1) markedly inhibits DNA replication after PH and signiﬁcantly
Fig. 1. Presence of TNF or IL-6 DNA in mononuclear blood cells. DNA extracted from
mononuclear blood cells from irradiated WT mice with bone marrow transplants from
WT, TNF KO, or IL-6 KO mice was used for PCR. (A) TNF wild type genomic DNA (500 bp
band) was detected in WT-transplanted mice, but TNF KO-transplanted mice showed
only the TNF KO type genomic DNA (300 bp band). (B) WT-transplanted mice showed
normal IL-6 wild type genomic DNA (174 bp band), whereas IL-6 KO-transplanted mice
showed only the IL-6 KO type genomic DNA (280 bp band). The two lanes in each set
show material from two different mice.
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outs, activation of NF-κB and STAT3 is severely inhibited and plasma
TNF-α levels increased, but there is only a minor change in IL-6 levels,
and a single injection of IL-6 improves the defect in liver regeneration
and restores STAT3 activation [10]. Cressman et al. [11,12] showed that,
after PH, liver regeneration in IL-6 knockout (KO) mice was impaired
and that an IL-6 injection corrected the deﬁcits of DNA replication and
STAT3 activation. Moreover, it was clearly demonstrated that IL-6 from
intrahepatic cells of bone marrow originwas required for normal liver
regeneration[13]. On the other hand, although TNF/TNFR pathway
plays an important role in the liver regeneration, the origin of this
signal is unknown.
To reveal the origin of IL-6 and TNF/TNFR signals known to be
critical for the liver regeneration, wild-type (WT)micewere irradiated
to completely suppress their own bone marrow, then KO mouse bone
marrow was transferred, thus resulting in mice with a normal liver,
but lacking cytokine signals, in particular TNF-α signaling, from the
bone marrow derived cells in the present study.
2. Materials and methods
2.1. Animals
Six- to 10-week old male TNF-α KO and IL-6 KO mice, which were
developed in the C57BL/6 strain, were used in these experiments. The
TNF-α KO mice were generated in our laboratory, as described
previously [14]. WT C57BL/6 and IL-6 KO mice were purchased from
Jackson Laboratories (Bar Harbor, ME). All experiments were per-
formed with male mice weighing 20 to 25 g kept in a temperature-
controlled room with an alternating 12-hour dark and light cycle
under special pathogen-free conditions. PH, consisting of the removal
of the median and left lateral hepatic lobes, was performed by the
procedure of Higgins and Anderson [1], as described previously [10].
The animal experiments were conducted in accordance with the
institutional guidelines of the Gifu University School of Medicine.
Three to six mice from each experimental group were used in the
experiments.
2.2. Bone marrow transplantation
Bone marrow transplantation was performed as described pre-
viously [15]. In brief, WT mice, irradiated twice with 5.0 Gy at an
interval of 4 h, were injected via the tail veinwith 5×106 bonemarrow
cells (250 μl) from several WT, TNF-α KO, or IL-6 KO mice, then kept
for 4 weeks under special pathogen-free conditions before being used
for experiments. Blood samples were taken from each mice and DNA
puriﬁed according to the manufacture recommendation (GenTLE kit,
TAKARA, Japan). WT or KO TNF-α DNA was ampliﬁed, respectively, as
a 500 bp or a 300 bp band, while WT or KO IL-6 DNA was ampliﬁed,
respectively, as a 174 bp or a 280 bp band.
2.3. RNA extraction from liver tissue and measurement of TNF and IL-6
expression by the reverse transcriptase PCR assay
At the indicated times (1 to 5 h after PH), sample of liver tissue
(approximately 30mg) was homogenized and total RNAwas extracted
using the ISOGEN RNA isolation kit (Nippon Gene, Tokyo, Japan). cDNA
was prepared from 1 μg of total RNA from each liver sample using a
Gene Amp RNA PCR kit (Perkin Elmer, Branchburg, NJ) in 50 μl of PCR
buffer (supplied with the kit) containing 2.5 U of MuLV reverse
transcriptase and 2.5 μM oligo d(T) primer. The PCR reaction was
performed in 50 μl of PCR buffer containing cDNA corresponding to
50 ng of input RNA, 0.4 μM TNF-α and IL-6 primers (Clontech Lab Inc.,
Palo Alto, CA), and 2.5 U of AmpliTaq DNA polymerase. The following
oligonucleotide primer pairs were examined: TNF-α forward 5′-GAT
CTC AAA GAC AAC CAA CAT GTG-3′, reverse 5′-CTC CAG CTG GAA GACTCC TCC CAG-3′; IL-6 forward 5′-CAT AGC TAC CTG GAG TAC ATG A-3′,
reverse 5′-CAT TCA TAT TGT CAG TTC TTC G-3′; GAPDH forward 5′-
GCC AAG GTC ATC CAT GAC AAC-3′, and reverse 5′-AGT GTA GCC CAA
GAT GCC CTT-3′. The reaction consisted of 30 cycles of 94 °C for 1 min,
60 °C for 1 min, and 74 °C for 1.5 min. The optimal number of cycles
needed to obtain detectable product under no saturating conditions
was determined by performing the PCR reaction for 10 to 40 cycles; no
product was detectable after 10 or 20 cycles, while saturation of the
reaction occurred at 40 cycles. Ampliﬁed products were electrophor-
esed on 2% agarose gels (COSMO BIO, Tokyo, Japan) and stained with
ethidium bromide.
2.4. Nuclear extracts
At the indicated times after PH (1 to 5 h), the threemicewere killed
for each time point. The liver was homogenized and nuclear extracts
was prepared as described previously [10]. All solutions used for the
preparation of nuclear extracts contained protease inhibitors [10]. The
nuclear extracts were frozen and stored at −80 °C until use. Protein
concentrations were measured by the Bradford method (Bio-Rad
Laboratories, Richmond, CA) using gamma globulin as the standard.
2.5. Electrophoretic mobility shift assay (EMSA)
The double-stranded DNA probes used for NF-κB (catalog number
sc-2505), AP-1 (catalog number sc-2501) and C/EBP (catalog number
sc-2525), a consensus oligonucleotide probe from Santa Cruz
Biotechnology (Santa Cruz, CA) and that for STAT3 (catalog number
sc-2571) were an oligonucleotide corresponding to the binding site for
the Sis inducible factor from Santa Cruz Biotechnology (Santa Cruz,
CA). The probes were end labeled with γ32P-ATP using T4 polynucleo-
tide kinase. A mixture of 10 μg of nuclear protein from several mice
and 0.2 ng of 32P-end-labeled double-stranded oligonucleotide probe
[10] was incubated for 30 min at room temperature, then electro-
phoresed on a 5% polyacrylamide Tris-glycine-EDTA gel. The gels were
dried and exposed to Kodak (Rochester, NY) X-AR ﬁlm for a period of
2 h to 2 days at −80 °C.
Fig. 2. Serum TNF and IL-6 concentrations after PH. Serum TNF (A) and IL-6 (B) con-
centrations in non-operated and partially hepatectomized mice were measured by
ELISA using speciﬁc antibodies (see Materials and methods). Blood samples were
collected by cardiac puncture at the indicated time after PH. Time zero shows the result
in non-operated mice. ○, WT mice; ●, TNF KO-transplanted mice; □, IL-6 KO-
transplanted mice. The bars indicate the standard deviation of the means. The serum
TNF concentration in TNF KO-transplantedmice was signiﬁcantly suppressed compared
to those in WT-transplanted mice and IL-6 KO-transplanted mice (⁎pb0.05). The serum
IL-6 concentration inWT transplanted mice was signiﬁcantly high compared to those in
TNF KO-transplanted mice and IL-6 KO-transplanted mice (⁎pb0.05).
Fig. 3. NF-κB, STAT3, AP-1, and C/EBP binding after PH in WT, TNF KO and IL-6 KO bone
marrow transplanted mice. WT-, TNF KO-, and IL-6 KO-transplanted mice were partially
hepatectomized and killed 1, 3 and 5 h after the operation. Time zero shows the result in
non-operated mice. A liver nuclear extract was then prepared and EMSA performed
with 10 μg of nuclear protein and 0.2 ng of 32P-end labeled double-stranded
oligonucleotide probe in each lane. p50 homodimers are indicated as (P50)2. The
same liver nuclear extract was used to detect STAT3, AP-1, and C/EBP binding. The AP-1
and C/EBP probes, which we labeled with γ32P, have weak radioactivity compared with
NF-κB and STAT3 probes. The long exposure timewas required to detect AP-1 and C/EBP
binding. Therefore, this ﬁgure showsmuchmore background in the EMSA fromAP1 and
C/EBP than in the EMSA from NF-κB and STAT3.
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At the indicated times (1 to 5 h after PH), RNA was isolated by
homogenization of the liver in ISOGEN (Nippon Gene, Tokyo, Japan)
following the manufacturer's recommendations. The RNAase protec-
tion assays were performed according to the manufacturer's
recommended protocol using 20 μg of RNA per lane, an RNAase
protection assay kit, and the mAPO-2, mAPO-3, mFos/Jun, and mMyc
probes (RiboQuant, Pharmingen, San Diego, CA) were used. Gels
were dried and exposed at −80 °C to Kodak (Rochester, NY) X-AR
ﬁlm with intensifying screens.
2.7. Plasma cytokine assays
At the indicated times (1 to 5 h after PH), blood from cardiac
puncture was collected in 7.5% EDTA (pH 7.4) and plasma prepared
and stored at −80 °C. Plasma levels of TNF and IL-6 were measured in
non-operated and PH mice by ELISA using speciﬁc antibodies(ENDOGEN, Woburn, MA) and expressed as pg of the respective
cytokine per ml of plasma. The ELISA protocol was as recommended
by the manufacturer.
2.8. Histology
At the indicated times (0, 22, 28, 34, 40, 46, 52, and 58 h after),
the mice were injected with 30 μg/g of bromodeoxyuridine (BrdU,
Amersham Co., Arlington Heights, IL), then killed 2 h later. The
livers were then ﬁxed in methyl Carnoy's ﬂuid for 4 to 6 h and
prepared for histological analysis. Slides were stained using the
Amersham Cell Proliferation kit (Amersham Co., Arlington Heights,
IL) and counterstained with hematoxilin and eosin. At least 6
different ﬁelds from one section per animal from at least 6 animals
were examined and a total of 700–1000 nuclei per animal were
counted.
2.9. Cytokine injections
In the experiments shown, TNF-α was injected intravenously (i.v.)
into the tail vein as a single dose of 0.5 μg/mouse, while IL-6 was
injected subcutaneously (s.c.) as a single dose of 25 μg/mouse, both
30 min before PH.
Fig. 4. Hepatocyte DNA replication was demonstrated by BrdU immunohistology in the liver after PH. WT-, TNF KO-, and IL-6 KO-transplanted mice were partially hepatectomized
and killed after the operation, 2 h after being injected with BrdU. (A) Liver histology, showing BrdU-labeling at 40 h after PH; (B) At 0, 22, 28, 34, 40, 46, 52, and 58 h after PH, BrdU-
positive nuclei were counted in at least 6 different ﬁelds in one section per animal for at least 6 animals and a total of 700–1000 nuclei per animal were counted. The bars indicate the
standard deviation of the means. Time zero shows the result in non-operated mice. ○, WT-transplanted mice; ●, TNF KO-transplanted mice; □, IL-6 KO-transplanted mice. The
percentage of BrdU incorporation at 40 h in WT-transplanted mice was signiﬁcantly high compared to those in TNF KO-transplanted mice and IL-6 KO-transplanted mice (⁎pb0.05).
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Results are expressed as means±SD. Intergroup comparisons were
made using non-parametric Kruskal–Wallis tests. A p-value of less
than 0.05 was considered statistically signiﬁcant.
3. Results
3.1. TNF-α and IL-6 DNA in mononuclear blood cells
After bone marrow transplantation (BMT), we checked for the
presence of TNF-α and IL-6 DNA in mononuclear blood cells usingFig. 5. RNAase protection assay of mRNA expression in the liver after PH. WT-, TNF KO-, and IL
operation. Time zero shows the result in non-operated mice. mRNAs expression in the live
methods. The ﬁgure shows the expression, indicated on the left of the ﬁgure, of the following:
family members.PCR. TNF wild type genomic DNA (500 bp band) and IL-6 wild type
genomic DNA (174 bp band) were detected in WT-transplanted mice,
but we only observed the TNF KO type genomic DNA (300 bp band) in
TNF KO-transplanted mice and the IL-6 KO type genomic DNA (280 bp
band) in IL-6 KO-transplanted mice. (Fig. 1A and B). These results
prove that the blood stem cells in these recipient mice originated
entirely from the KO mice.
3.2. Changes in plasma cytokine levels after PH
When cytokine plasma levels were measured by ELISA, both WT-
transplanted and IL-6 KO-transplanted mice showed an increase in-6 KO-transplanted mice were partially hepatectomized and killed 1, 3 and 5 h after the
r after PH was examined by the RNAase protection assay as described in Materials and
(A) TNF familymembers, (B) AP1 familymembers, (C) Bcl familymembers, and (D) mad
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levels at 3 h after PH. On the other hand, TNF-α KO-transplanted mice
showed only a small increase in TNF-α levels (Fig. 2A). WT-
transplanted mice also showed an increase in IL-6 levels from 3 h
after PH, which continued for at least another 2 h, whereas no signi-
ﬁcant increase was seen in either TNF-α KO- or IL-6 KO-transplanted
mice (Fig. 2B).
3.3. Binding of transcription factors after PH
EMSA was used to analyze the binding of the transcription factors,
NF-κB, STAT3, AP-1, and C/EBP, in liver nuclear extracts from WT-,
TNF-α KO-, or IL-6 KO-transplanted mice after PH. Lack of functional
TNF was found to interfere with the binding of both NF-κB and STAT3
binding after PH. Gel shift analysis (Fig. 3) showed that, although NF-
κB binding increased to a similar extent in both IL-6 KO- and WT-
transplanted mice after PH, STAT3 binding only increased in WT-
transplanted mice. A similar increase in AP-1 and C/EBP expression
was seen in all three groups of mice.
3.4. Hepatocyte DNA replication
When DNA synthesis was examined at 40 h after PH (the peak of
DNA replication) in WT-, TNF-α KO-, and IL-6 KO-transplanted mice,
hepatocyte DNA replication in both TNF-α KO- and IL-6 KO-
transplanted mice was signiﬁcantly lower than in WT-transplanted
animals (Fig. 4A), with WT-transplanted mice showing about 60%
BrdU incorporation (normal DNA synthesis), but TNF-α KO- and IL-6
KO-transplanted mice at 40 h showing only 10% BrdU incorporation
(Fig. 4B). Thus, DNA synthesis after PH was not impaired in WT-
transplantedmice, whereas TNF-α KO- and IL-6 KO-transplantedmice
showed impaired hepatocyte DNA synthesis after PH.
3.5. mRNA expression in the liver after PH measured using
RNAase protection
RNAase protection assays using four sets of probe RNA are shown
in Fig. 5. After PH, TNF receptor p55 mRNA was upregulated in all 3
groups of mice (Fig. 5A). Expression of Fas mRNAs also increased,Fig. 6. Reverse transcriptase PCR assay expression of TNF-α and IL-6 mRNA in the liver. Liver
was obtained from non-operated (shown as time 0) and partially hepatectomized WT-, TNF
GAPDH as a control expression for mRNA. M, molecular weight markers; C, TNF mRNA poswhereas the expression of other apoptotic mRNAs did not. Expres-
sion of mRNAs for c-jun, junB, junD, c-fos, and fosB, which are
components of AP1, was also increased to the same extent in all 3
groups (Fig. 5B). bcl-X (L) mRNA expression was increased in all 3
groups, whereas the expression of other bcl family members was
not (Fig. 5C). c-myc mRNA expression was increased in all 3 groups
(Fig. 5D).
3.6. TNF-α and IL-6 mRNA expression in the liver after PH measured
using RT-PCR
TNF-α is a potent inducer of NF-κB activation in the liver [16],
while STAT3 is directly activated by IL-6 [17,18]. These data suggest
that NF-κB performs a linking role as a transactivator of IL-6 [19]. We
therefore used RT-PCR to measure TNF-α and IL-6 mRNA levels in the
liver in the three groups of mice. Fig. 6 shows that TNF-α mRNA was
induced from 1 h and was present for up to 5 h after PH (Fig. 6A), that
IL-6 mRNA was also induced, although at a slower rate than TNF-α
mRNA expression (Fig. 6B), and that the levels of induction were
similar in all three groups of transplanted mice. It is, thus, likely that
hepatocyte and nonparenchymal cells showed similar cytokine signal
transduction in all 3 groups.
3.7. Effect of TNF or IL-6 injection on hepatocyte replication and
apoptosis after PH
Given the previous plasma TNF-α and IL-6 results, we determined
whether administration of TNF-α or IL-6 30 min before PH could
restore DNA synthesis in TNF-α KO- and IL-6 KO-transplanted mice.
In the IL-6 injection experiments, when 25 μg of IL-6 was injected
s.c. into IL-6 KO-transplanted mice 30 min before PH and the animals
killed 40 h after the operation (2 h after receiving BrdU), DNA
replication was completely restored to the levels seen in WT-
transplanted mice. In preliminary experiments with TNF-α, s.c.
injection at doses of 5, 10, or 25 μg resulted in the mice dying within
40 h of PH, while injection of 0.5 μg of TNF-α failed to restore the
deﬁcits in TNF-α KO-transplanted mice. In contrast, i.v. injection of
0.5 μg of TNF-α resulted in substantial suppression of DNA synthesis
(Fig. 7B).TNF-α and IL-6 mRNA levels were measured by the reverse transcriptase PCR assay. RNA
KO-, and IL-6 KO-transplanted mice (see Materials and methods). (A) TNF (B) IL-6 (C)
itive control; N, reverse transcriptase reaction without mRNA.
Fig. 7. Effects of cytokine injection on hepatocyte DNA synthesis after PH. WT-, TNF KO-, and IL-6 KO-transplanted mice were partially hepatectomized and killed 40 h after the
operation, 2 h after being given an injection of BrdU. TNF KO-transplanted mice treated with recombinant murine TNF and IL-6 KO-transplanted mice treated with recombinant
murine IL-6 indicate, respectively, that 0.5 μg of recombinant murine TNF or 25 μg of recombinant murine IL-6 was injected 30 min before the operation into the indicated KO mice.
(A) Liver histology, showing BrdU labeling; (B) BrdU-positive nuclei were counted in at least 6 different ﬁelds from one section per animal for at least 6 mice and a total of 700–1000
nuclei per animal were counted. The bars indicate the standard deviation of the means. The percentage of BrdU incorporation at 40 h in IL-6 KO-transplanted mice treated with
recombinant murine IL-6 was signiﬁcantly high compared to those in TNF KO-transplanted mice, TNF KO-transplanted mice treated with recombinant murine TNF and IL-6 KO-
transplanted mice (⁎pb0.05). No signiﬁcant difference was observed in BrdU incorporation betweenWT-transplanted mice and IL-6 KO-transplanted mice treated with recombinant
murine IL-6.
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KO-transplanted mice and in the IL-6-injected IL-6 KO-transplanted
mice, with BrdU-positive cells being found in the latter, but not in the
former.
We then studied liver apoptosis by the TUNEL staining method to
resolve why DNA replication was inhibited in TNF-α KO-transplanted
mice injected with TNF-α. Histology and counting showed that many
TUNEL-positive hepatocytes were found in TNF-α-injected TNF-α KO-transplanted mice, whereas very few were seen in IL-6-injected IL-6
KO-transplanted mice (Fig. 8A and B).
4. Discussion
Signaling via TNF receptors through an IL-6-mediated pathway is
required for initiation of liver regeneration [10]. Our aim was to
determine whether these signaling origins are the bone marrow
Fig. 8. TUNEL assay analysis of the liver after PH in cytokine-injected animals. TNF KO-transplanted mice and IL-6 KO-transplanted mice were injected, respectively, with 0.5 μg of
recombinant murine TNF or 25 μg of recombinant murine IL-6, both 30 min before PH and killed 40 h after the operation. (A) Liver histology, showing TUNEL labeling; (B) TUNEL-
positive nuclei were counted in at least 6 different ﬁelds from one section per mouse for at least 6 mice and a total of 700–1000 nuclei per animal were counted. The bars indicate the
standard deviation of the means. The open bar, TNF KO-transplanted mice treated with recombinant murine TNF; the ﬁlled bar, IL-6 KO-transplanted mice treated with recombinant
murine IL-6. The percentage of TUNEL-positive nuclei at 40 h in TNF KO-transplantedmice that were injectedwith recombinant murine TNFwas signiﬁcantly high compared to those
in IL-6 KO-transplanted mice that were injected with recombinant murine IL-6 (⁎⁎pb0.01).
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mice transplantedwith bonemarrow from TNF-α or IL-6 KOmice. And
it was showed that no TNF wild type genomic DNA or IL-6 wild type
genomic DNA in their blood cells from TNF KO-transplanted mice or
IL-6 KO-transplanted mice (Fig. 1). By analyzing the consequences of
bone marrow transplantation, it was possible to identify the com-
ponents of the signaling pathway originating bone marrow derived
cells that are required for liver regeneration after PH. In our previous
report, we demonstrated that the sequence of events following PH
were initiated by TNF-α induction, followed by IL-6 induction. In the
present study, we also conﬁrmed the similar results (Fig. 2).
An important advance in the study of liver regeneration was the
ﬁnding that the transcription factors, NF-κB, AP-1, C/EBP, and STAT3,
are activated after PH [20–22]. Recently, the role of NF-κB and STAT3 in
cytokine signaling for hepatocyte replication has been highlighted
[23,24]. Among the transcription factors that are activated after PH, in
the present study, we focused on NF-κB. In searching for agents that
could trigger NF-κB activation as an initiating event for liver rege-
neration, we had previously found TNF-α to be a potent liver NF-κB
inducer [20]. TNF-α, a multifunctional cytokine [25] that signals
through two distinct receptors, TNFR-1 (p55) and TNFR-2 (p75), isknown to be an initiator of liver regeneration [10,26,27]. In the liver, it
acts as a mediator of the acute phase reactant and is a cytotoxic agent
in many types of hepatic injury. However, Akerman et al. [28] showed
that administration of anti-TNF-α antibodies inhibits liver regenera-
tion after PH in rats, suggesting that TNF-α may be necessary for
hepatocyte proliferation. This work provides evidence that a TNF-α or
IL-6 signal from the bone marrow derived blood cells is critical for
liver regeneration after PH. Functional deletion of this external TNF-α
signal resulted in lack of activation of NF-κB and STAT3 and decreased
IL-6 synthesis. IL-6-deﬁcient mice showed NF-κB binding, but not
STAT3 binding, whereas the increase in AP1 and C/EBP expressionwas
very similar in all transplanted groups (Fig. 3). The DNA replication
rate in WT-transplanted mice was quite different from that in TNF-α
KO- or IL-6 KO-transplanted mice, being normal in WT-transplanted
mice, but impaired in both TNF-α KO- and IL-6 KO-transplanted mice
(Fig. 4). A number of studies previously reported the relationship
between the cytokines (TNF-α and IL-6) and liver regeneration.
Several studies demonstrated that IL-6 is a critical component of the
liver regenerative response. In particular, Aldeguer at al. demonstrated
a paracrine mechanism by which cells of bone marrow origin, most
likely Kupffer cells, regulate the regeneration capacity of the
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same degree of TNF-α and IL-6 mRNA expression in the liver after PH
were observed in all three groups of transplanted mice (Fig. 6). These
data indicate that cytokines from bone marrow derived cells but not
parenchyma cells are critical for DNA synthesis, but not for the induc-
tion of nuclear factor AP1 and C/EBP, the levels of which were identical
in all 3 groups of animals. On the other hand, our previous reports
suggested that TNF, signaling through the TNFR-1, can initiate liver
regeneration. However, in the other studies in which TNF-α knockout
mice were used, TNF-α has little inﬂuence on liver regeneration
[29,30]. It is difﬁcult to fully explain the differences in liver rege-
neration after PH between TNF-α knockout mice and TNFR-1 knock-
out mice. Our results suggested that the deﬁciency of TNF-α in the
bone marrow derived blood cells signiﬁcantly impaired liver regen-
erative reaction. Therefore, it may be a risk that compensatory events
occur in a knock-out mouse.
Activation of early genes, the ﬁrst genes expressed after PH during
the phase referred to as the immediate early phase, occurs rapidly
after the operation and lasts for approximately 4 h. The protoonco-
genes, c-fos, c-jun, and c-myc, were the ﬁrst genes to be identiﬁed in
this group [31,32], but as many as 70 genes participate in the
immediate early response to PH [32]. These genes do not share a
common function, and include transcription factors, tyrosine phos-
phatases, and secreted and intracellular metabolic proteins [33]. It is
important to determinewhich genes play essential roles in hepatocyte
replication, and substantial progress has been made in identifying
some [34]. Considering our mRNA expression data, only c-myc was
expressed at a higher level in TNF-α KO- or IL-6 KO-transplanted mice
compared to WT-transplanted mice (Fig. 5).
Given the above results, we then examined the effect of cytokine
injection on DNA replication after PH in TNF-α KO- and IL-6 KO-
transplanted mice. Injection of IL-6 (25 μg s.c.) into IL-6 KO-
transplanted mice restored DNA synthesis, but injection of TNF-α
(0.5 μg i.v.) into TNF-α KO-transplanted mice unexpectedly caused
substantial inhibition of DNA replication (Fig. 7). Various doses of
TNF-α (0.5 μg to 25 μg per mouse) and different injection modes
were tested in preliminary experiments and were found to give
markedly different results in terms of efﬁcacy and survival, showing
that its effects are markedly dependent on concentration and
timing; however, in all experiments, marked apoptotic changes
were seen in all TNF-α-injected mice. Our aim is now to determine
when and how such cytokines should be administered in order to
accelerate liver regeneration.
In conclusion, we demonstrated the critical role of TNF-α and IL-6
secreted by bone marrow derived cells in liver regeneration. In
particular, the importance of TNF-α from the bone marrow derived
cells was reported at ﬁrst. In the studies using TNF-α KO mice, TNF-α
was not associated with liver regeneration. However, our present
study clariﬁed the critical role of TNF signaling in liver regeneration
using TNF KO-transplanted mice.
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